We theoretically study the renormalization of inertial effects on the spin dependent transport of conduction electrons in a semiconductor by taking into account the interband mixing on the basis of k. p perturbation theory. In our analysis, for the generation of spin current we have used the extended Drude model where the spin orbit coupling plays an important role. We predict enhancement of the spin current resulting from the rerormalized spin orbit coupling effective in our model in cubic and non cubic crystal. Attention has been paid to clarify the importance of gauge fields in the spin transport of this inertial system. A theoretical proposition of a perfect spin filter has been done through the Aharonov-Casher like phase corresponding to this inertial system. For a time dependent acceleration, effect of k. p perturbation on the spin current and spin polarization has also been addressed. Furthermore, achievement of a tunable source of polarized spin current through the non uniformity of the inertial spin orbit coupling strength has also been discussed.
I. INTRODUCTION
In semiconductor band structure spin-orbit coupling (SOC), which originates from the relativistic coupling of spin and orbital motion of electrons, plays a very important role from the perspective of spin Hall effect. Understanding the effect of SOI is indispensable in the study of spin current, a flow of spins. Although spin current can be induced easily, detection and control of spin current is a challenging research area both for theoretical and experimental physicists and has attracted a lot of attention in the field of spintronics [1] [2] [3] . Spintronics aims to use the spin properties of electrons along with the charge degrees of freedom and has emerged as the most pursued area in condensed matter physics and nanotechnology. In this regard, the theoretical prediction of the spin Hall effect (SHE) [4] and its application to spintronics has seen considerable advancement. This effect is observed experimentally in semiconductors [5, 6] and metals [7] .
Though studies on the inertial effect of electrons has a long standing history [8] [9] [10] [11] but the contribution of the spin-orbit interaction (SOI) in accelerating frames has not much been addressed in the literature [12, 13] . Recently, a theory has been proposed [14, 15] describing the direct coupling of mechanical rotation and spin where the generation of spin current arising from rotational motion has been predicted. Inclusion of the inertial effects in semiconductors can open up some fascinating phenomena, yet not addressed. So it is appealing to investigate how the inertial effect affects some aspects of spin transport in semiconductors. In addition, the role of SOI in connection to spin Hall effect may inspire one to study the gauge theory of this inertial spin orbit Hamiltonian.
The spin dynamics of the semiconductor is influenced by the k. p perturbation theory as the band structure of a semiconductor in the vicinity of the band edges can be very well described by the k. p method. On the basis of k. p perturbation theory, by taking into account the interband mixing, one can reveal many characteristic features related to spin dynamics. In this paper, we theoretically investigate the generation of spin current in a solid on the basis of k. p perturbation [6] with a generalized spin orbit Hamiltonian which includes the inertial effect due to acceleration. The generation of spin current is studied in the extended Drude model framework, where the spin orbit coupling has played an important role. It is shown in our present paper that spin current appearing due to the combined action of the external electric field, crystal field and the induced inertial electric field via the total effective spin-orbit interaction is enhanced by the interband mixing of the conduction and valence band states. We have also studied the Aharonov-Casher like phase which corresponds to the effective SOI present in the model. Through the interplay of Aharonov-Bohm phase (AB) and Aharonov-Casher (AC) phases, we are able to propose a perfect spin filter for the accelerating system. Also by taking into consideration of a special profile of the acceleration in a trilayer system, we can set up a tunable spin filter. Renormalization of the spin current and spin polarization for the time dependent acceleration has also been investigated. Here we consider the k. p perturbation in the 8 × 8 Kane model and write the total Hamiltonian including the inertial effect due to acceleration.
The paper is organized as follows. In Section II we write the total Hamiltonian of the 8 × 8 Kane model with k. p perturbation including the effect of acceleration. Section III deals with the generation of the spin current and conductivity in the semiconductors with cubic and non-cubic symmetry. The effect of time dependent acceleration on spin current and conductivity is discussed in section IV. The details on the gauge theory of our model, particularly the AC phase, perfect spin filter and tunable spin filter is narrated in section V. Finally we conclude with section VI.
II. INERTIAL SPIN ORBIT HAMILTONIAN AND k. p METHOD
We start with the Dirac Hamiltonian for a particle with charge e and mass m in an arbitrary non-inertial frame with constant linear acceleration a and without rotation which is given by [11] ,
where the subscript I in Hamiltonian (1) is due to the effect of inertia. Applying a series of Foldy-Wouthuysen (FW) transformations [16, 17] on the Hamiltonian(1 ) we can write the Pauli-Schrodinger Hamiltonian for the two component electron wave function in the low energy limit as
where E and B are the external electric and magnetic field respectively. In the right hand side of Hamiltonian (2), the third term is an inertial potential term arising due to the acceleration a. This potential V a ( r) = − m e a. r induces an electric field E a = m e a [12, 14] . The induced electric field E a produces an inertial SOI term (sixth term in the right hand side of (2)) apart from the SOI term due to the external electric field (fifth term in the right hand side of (2)). The Hamiltonian (2) thus can be rewritten in terms of E a and V a ( r) as
In the above calculations we have neglected the 1 c 4 terms and the terms due to red shift effect of kinetic energy. The generalized spin-orbit interaction e 4m 2 c 2 σ. ( E − E a ) × p effective in our inertial system plays a significant role in our analysis.
We are interested in an effective Hamiltonian describing the motion of electrons in a solid incorporating the inertial effect due to acceleration. It is known that the physical parameters present in any Hamiltonian in vacuum are renormalized when considered in a solid. In an inertial frame, such renormalization effects in a crystalline solid is generally studied in the framework of k. p perturbation theory using the Bloch eigenstates. One can renormalize the effect of acceleration on the basis of k. p perturbation and the 8 × 8 Kane model [18] .
The basic idea of the Kane model is that the band edge eigenstates constitute a complete basis and to obtain the eigenstates away from the band edge the wave function is expanded in the band edge states, which gives rise to an 8 × 8 band Hamiltonian. Bands that are far away in energy can be neglected. In presence of magnetic field the crystal momentum is given by k = p − q A. The k. p method leads to high-dimensional Hamiltonians, for example, an 8 × 8 matrix for the Kane model [6] .
To this end, we start with a Hamiltonian of the well known 8 × 8 Kane model which takes into account the k. p coupling between the Γ 6 conduction band and Γ 8 and Γ 7 valance bands which is given by
where λ ef f = λ + δλ is the effective SO coupling. We shall note in due course that the parameter λ ef f = (λ + δλ), which comes into play due to the interband mixing on the basis of k. p perturbation theory, is responsible for the enhancement of the spin current.
III. SPIN HALL CURRENT AND CONDUCTIVITIES FOR CUBIC AND NONCUBIC CRYSTAL
We are interested in the generation of spin current through the effective SOI and therefore consider only the relevant part of the Hamiltonian (for the positive energy solution) of spin 1 2 electron for zero external magnetic field as
The semiclassical equation of motion of electron can be defined as
Finally, the force
is the spin Lorentz force with an effective magnetic field ∇ × ( σ × E tot ). Explicitly, the vector potential is given by
Later we shall discuss about this spin dependent gauge A( σ) which is closely related to the AC phase and show how the k. p perturbation modifies the corresponding AC phase. The spin dependent effective Lorentz force noted in eqn. (14) is responsible for the spin transport of the electrons in the system, and hence responsible for the spin Hall effect of this inertial system. It is clear from (9) that the expression in (14) i.e the Lorentz force is enhanced due to k. p perturbation in comparison to the inertial spin force studied in [12] . From the expression of˙ r in (13) we can write the linear velocity in a linearly accelerating frame with k. p perturbation aṡ
where
is the spin dependent anomalous velocity term. The anomalous velocity term is related to the spin current as j i s = e n T rσ i v σ, a . One should note that the velocity depends on δλ i.e on the spin orbit gap and the band gap energy of the crystal considered. The expression shows for a non zero spin orbit gap, the spin dependent velocity changes with the energy gap. For vanishing spin-orbit gap, there is no extra contribution to the anomalous velocity for the k. p perturbation. The spin current and spin Hall conductivity in an accelerated frame of a semiconductor can now be derived by taking resort to the method of averaging [12, 19] . We proceed with equation (14) as
where F 0 and F σ are respectively the spin independent and the spin dependent parts of the total spin force. With the help of eqn. (15) the Hamiltonian (11) can be written as
is the sum of the external electric potential V 0 ( r) and the lattice electric potential V l ( r). In this calculation we have neglected the terms of O( A 2 ( σ)). Breaking into different parts, the solution of equation (14) can be written as˙ r =˙ r 0 +˙ r σ [19] . If the relaxation time τ is independent of σ and for the constant total electric field E tot , following [12, 19] we can write,
and
. We can now derive the spin current by the evaluation of the averages in equation (21) with different symmetry.
Semiconductors with cubic symmetry
For the case of semiconductors with cubic symmetry and constant acceleration [12] 
as in this case the only non zero contribution permitted by symmetry [12, 19] is
with µ being a system dependent constant. The total spin current of this inertial system with k. p perturbation can now be obtained as
The charge component of this current in our accelerated system is
Let us introduce the density matrix for the charge carriers as
where ρ is the total charge concentration and n = σ is the spin polarization vector. Within the k. p framework, due to the interband mixing the spin current of this inertial system is given by
where j s, a ( σ) = e 3 τ 2 ρµ 2m 3 c 2 n × ( E 0 − E a is the spin current in an accelerating frame [12] without k. p perturbation.
With E 0 = (0, 0, E zẑ ) and a = (0, 0, a zẑ ) we can explicitly derive the spin currents in the x and y directions. The ratio of spin current in an accelerating system with and without k. p perturbation is given by
The coupling constant δλ has different values for different materials and λ, the coupling parameter in the vacuum has a constant value 3.7×10 −6Å 2 . We tabulate the ratio of spin currents for different semiconductors with cubic symmetry as in semiconductors. In figure 1 we have plotted the variation of spin current(x direction) with acceleration(z direction) using equ. (31) and the values of the Kane model parameters in the table, for three different semiconductors. Now if we switch off the external electric field, we have the following expression of spin current in our system
One can notice that even if the external electric field is zero, still we can achieve huge spin current by the application of acceleration only. For different semiconductors we get different spin current for non zero spin orbit gap. It is interesting to point out that for a critical value E 0 = E a we see no spin current in the system. Though the acceleration under which we get the result is very high [12] , still it elicits that we can control spin current by adjusting acceleration.
The corresponding charge and spin Hall conductivities in a linearly accelerating frame from the expressions of the currents (25) , (26) can be readily obtained as 
As expected [12] , both the charge and spin conductivities are not affected by the inertial effect of acceleration but the spin conductivity is renormalized by the k. p perturbation. The ratio of spin and charge Hall conductivity is
This spin to charge ratio is independent of the concentration of charge carriers but depends on the relaxation time, the constant term µ, and also on the Kane model parameters P , E G and 0 , i.e. the ratio varies with the material considered. For a non accelerating system with zero spin orbit gap parameter, the ratio in (33) is the same as found in [19] . The condition under which the spin conductivity becomes exactly equal to charge conductivity is λ ef f = 2eτ µ .
The comparison of the spin Hall conductivity in our system with that as obtained in [12] without k. p perturbation shows an enhancement due to the presence of the term δλ which can be observed from the relation 
in any crystalline solid with a non zero spin orbit gap 0 .
Semiconductors with non-cubic symmetry
There are semiconductors which do not have cubic symmetry, but are examples of producing spin Hall effect. Our objective now is to study those systems and derive the expressions for the spin current. We can consider orthorhombic crystals and can choose the axes of the coordinate frame along the crystal axes [20] . Instead of eqn (23) , for the non cubic symmetry we can now write
where χ x = χ y = χ z are the factors of order unity. Using this, eqn (22) becomes,
which shows that the spin dependent velocity is not uniform in all directions. Following the same procedure [19] , the spin current in x direction is attained as
Hence, the spin Hall conductivity is
The charge conductivity remains the same as in the cubic case i.e 
For an orthorhombic crystal in the x direction we can find out the ratio of the spin to charge conductivity as
The charge to spin conductivity ratio does not depend upon the concentration of charge carriers, rather it depends on the Kane model parameters and the values of χ x and χ y . It can be readily observed that we return back to the result of the cubic case for χ x = χ y = χ z .
IV. SPIN CURRENT AND SPIN POLARIZATION WITH TIME DEPENDENT ACCELERATION
Let us now analyze the case for a time dependent acceleration. As an example of time dependent acceleration we consider [12, 14] 
where the acceleration is induced by harmonic oscillation with frequency ω a and amplitude u. The time dependent acceleration a induces a time dependent electric field E a as
For the external electric field E = 0, from (26), the spin current for a semiconductor with cubic symmetry is then given by The z polarized spin current along y direction is
The absolute value of the current is then given by |j
Equation (47) demonstrates that if the semiconductor sample is attached to a mechanical resonator and vibrated in x direction with ω a = 10GHz and u = 10nm, we get the z polarized ac spin current along y direction. Application of k. p perturbation enhances the ac spin current in semiconductor [14] . In figure 2 we plot the variation of spin current with amplitude u and frequency ω a for the GaAs semiconductor. Now we move towards the evaluation of the out of plane spin polarization. The constant acceleration of the inertial system cannot explain the out-of-plane transverse spin current and in what follows we consider a time dependent acceleration within the k. p perturbation formalism. From (11) we write the time dependent Hamiltonian for the time dependent acceleration with the choice of a(t) = (0, 0, a zẑ (t)), which subsequently results E a (t) = (0, 0, E a,zẑ (t)), [12] and
where we use the fact that, for electrons moving through a lattice, the electric field E is Lorentz transformed to an effective magnetic field ( k × E) ≈ B( k) in the rest frame of the electron. Hamiltonian (48) resembles to the well known Rashba Hamiltonian and α ef f , the spin orbit coupling strength depends on the acceleration of the system as well as on the material parameters. This Rashba like coupling parameter has significant importance in the understanding of the spin transport with inertial effects. The SOC in semiconductor causes electron to experience an effective momentum dependent magnetic field B a ( k), which breaks the spin degeneracy of electron. Time dependence of the spin orbit Hamiltonian will generate an additional component [21] B ⊥ = (˙ n a × n a ), in addition to the effective magnetic field
. Let us now assume the effective electric field due to acceleration is in the x direction such that E a = E a,xx [12, 21] . As B a ( k) is in the x-y plane, the term B ⊥ completely represents an effective out of plane magnetic field component along z direction. With B Σ = B a ( k) + B ⊥ , the total contribution of magnetic field, the classical spin vector in the z direction can be written as
Now if we make a choice for the unit vector along B a ( k) as n a = p −1 (p y , −p x , 0), we get˙ n a = p −1 (0, e E a,x , 0). Here approaches B a ( k) and the out of plane spin polarization can be derived as
Substituting the value of E a,x from (45) in (50), we obtain the absolute value of s z,kp as
This shows how the Kane model parameters modify the spin polarization vector in an accelerated system [12] . The dependence of spin polarization on acceleration and Kane model parameters is clear from (51).
In figure 3 we show the variation of the spin polarization with respect to acceleration a z and any one of the parameters, u, ω a , py p 3 keeping the two other parameters fixed. Here A = 4λ ef f e 3 , depends on the solid considered. As spin polarization is a measurable quantity, from the experimentally obtained values of s z using (51) we can have an insight for the experimental verification of the parameters of the Kane model.
V. GAUGE FIELD THEORY OF INERTIAL SOC AND SPIN FILTER
The study of gauge fields in spintronics has become a topic of recent interest [22] . In the context of SOI, the importance of Berry phase [23] was realized following the discovery of the intrinsic spin Hall effect [24] . The Berry phase results from cyclic, adiabatic transport of quantum states with respect to parameter space (e.g. real space r, momentum space k). In this regard, analysis of the Aharonov-Casher phase through the spin dependent gauge potential also has remarkable importance. Our next goal is to explore the conditions of the Berry curvature and study their consequences in spin transport. In this section we consider the Dirac Hamiltonian in a linearly accelerating frame without any external electric field and consider the physical consequences appearing as a result of the the induced inertial electric field due to acceleration.
A. Spin orbit coupling, spin dependent phase and perfect spin filter
There are lots of attempt to describe spin filter in different systems [25] , but as far as our knowledge goes, proposal of a perfect filter through an inertial system is not noted in the literature. As the name suggests, the function of a spin filter is to spin polarize the injected charge current.
In this subsection we consider the induced spin orbit Hamiltonian (11) in the presence of the external magnetic field and study the gauge theory of the inertial spin orbit interaction.
In this regard, let us consider the SO Hamiltonian in (48)(time independent) in the presence of external magnetic field B, as
where Π = p − e A( r), and B = ∇ × A( r). The Hamiltonian in (52) can also be rewritten in the following form
where the spin dependent real space gauge field, A ( r, σ) is
Here we neglect the second order of A in deriving eqn. (53). The new constant term q = 2m * α ef f can be regarded as charge and α ef f represents a Rashba [5] like spin orbit coupling strength [12] . The expression of the spin dependent gauge indicates that it is non-Abelian in nature, whereas the gauge due to external magnetic field provides an Abelian contribution. The equation (52) can be written in terms of the total gauge field Ã ( r, σ) acting on the system as
where Ã = e A( r) + q A( r, σ), is the total gauge effective in the system andẽ is a coupling constant which is set to be 1 for future convenience. From the field theoretical point of view, the physical field generated due to the presence of the total gauge Ã is given by
The field in the z direction is then
As the commutators of different components of the spin gauge A( r, σ) exists, Ω z in our case boils down to the following form
The equn (58) can be expressed in terms of the flux generated through area S as
where φ B = SB z , flux due to external magnetic field and φ I = Sq c 2 σ z is the physical field generated due to inertial spin orbit coupling effect. The first term on the right hand side(rhs) of (59) is the contribution due to the external magnetic field, which causes the AB phase, whereas the second term on the rhs of (59) is the flux due to the physical field, is actually responsible for a AC like phase. This AC like phase is generated when a spin circulates an electric flux. The second term in the expression of Ω z in (58), actually represents a magnetic field in z direction, with opposite sign for spin polarized along +z direction or −z direction. As the spin up and spin down electrons experience equal but opposite vertical magnetic fields, they will subsequently carry equal and opposite AC like phase [26] which can be obtained from
whereas the AB phase appears due to the first term in (58) is the same for both up and down electrons. Interestingly, one can take advantage of this acceleration induced spin orbit Hamiltonian for the proposition of a perfect spin filter. In a semiconductor the interplay between this AC phase due to the induced spin dependent gauge in presence of acceleration and the AB phase due to an external magnetic field can be used to achieve a spin filter [27] . If a spatial circuit can be realized such that the up (down) spin electrons acquire an AC phase of π/2 (-π/2) and finite magnetic vector potential in the interior of the circuit makes both the up and down electrons attain an AB phase of π/2, then the output consists of only spin down electrons and a perfect spin filter is set up. The reversal of the direction of the applied magnetic field may switch the polarity of the filter and the output may consist of only spin down electrons. Thus we can propose theoretically a perfect spin filter without any external electric field. The beauty of our result is that without the application of any external electric field, only through the acceleration of the carriers and external magnetic field we can at least theoretically propose a perfect spin filter for our system.
VI. CONCLUSION
In this paper we have theoretically investigated the generation of spin Hall current in a linearly accelerating semiconductor system in presence of electromagnetic fields with the help of well known Kane model by taking into account the interband mixing on the basis of k. p perturbation theory. The explicit form of inertial spin Hall current and conductivity is derived for both cubic and noncubic crystals. We have shown how the interband mixing explains the spin current in an inertial system and also show the dependence of conductivity on the k. p perturbation parameters. In the case of time dependent acceleration with k. p method we show the explicit expression of spin current and spin polarization. From the gauge theoretical point of view, next we have investigated the real space Berry curvature appearing in an inertial system with k. p method. Lastly based on the gauge theoretical aspects we have discussed a perfect spin filter and a tunable spin filter in an inertial frame.
